Amycolatopsis mediterranei is used for industry-scale production of rifamycin, which plays a vital role in antimycobacterial therapy. As the first sequenced genome of the genus Amycolatopsis, the chromosome of strain U32 comprising 10 236 715 base pairs, is one of the largest prokaryotic genomes ever sequenced so far. Unlike the linear topology found in streptomycetes, this chromosome is circular, particularly similar to that of Saccharopolyspora erythraea and Nocardia farcinica, representing their close relationship in phylogeny and taxonomy. Although the predicted 9 228 protein-coding genes in the A. mediterranei genome shared the greatest number of orthologs with those of S. erythraea, it was unexpectedly followed by Streptomyces coelicolor rather than N. farcinica, indicating the distinct metabolic characteristics evolved via adaptation to diverse ecological niches. Besides a core region analogous to that common in streptomycetes, a novel 'quasi-core' with typical core characteristics is defined within the non-core region, where 21 out of the total 26 gene clusters for secondary metabolite production are located. The rifamycin biosynthesis gene cluster located in the core encodes a cytochrome P450 enzyme essential for the conversion of rifamycin SV to B, revealed by comparing to the highly homologous cluster of the rifamycin B-producing strain S699 and further confirmed by genetic complementation. The genomic information of A. mediterranei demonstrates a metabolic network orchestrated not only for extensive utilization of various carbon sources and inorganic nitrogen compounds but also for effective funneling of metabolic intermediates into the secondary antibiotic synthesis process under the control of a seemingly complex regulatory mechanism.
Mycobacterium leprae [1] . The medical importance of rifamycin has fostered intensive research into its biogenesis [2, 3] , physiology [4, 5] , and genetic manipulation [6] [7] [8] , as well as characterization of the rifamycin biosynthetic gene cluster (rif) from a rifamycin B-producing strain S699 [9] . Although these efforts have significantly increased the strain productivity, the global reemergence of tuberculosis and the increasing emergence of rifamycin-resistant M. tuberculosis clinical strains have challenged research toward the fundamental improvement of this important ansamycin antibiotic-from its productivity to novel derivative discovery and/or design. Genome-scale information becomes critical in pursuing such research directions.
Here, we present the complete genome sequence of A. mediterranei U32, which produces rifamycin SV, biologically a much more active antibiotic than rifamycin B, and compare this sequence with those of closely related actinomycetes. By intergrating information from physiology, biochemistry and molecular biology, knowledge about the structure and function of the U32 genome has revealed the genetic basis for the phylogeny of Amycolatopsis within the Actinomycetales order, as well as the biogenesis of antibiotics, the networking of primary and secondary metabolisms, and the related probable mechanisms of regulation.
Results

General features of A. mediterranei genome
Unlike the linear topology of the chromosomes of Streptomyces coelicolor [10] and Streptomyces avermitilis [11] , but resembling that of Nocardia farcinica [12] and Saccharopolyspora erythraea [13] , the toplogy of the A. mediterranei chromosome is circular ( Figure  1 ). This appears to be a common feature for the genus Amycolatopsis, because this circular topology was also suggested for the Amycolatopsis orientalis chromosome [14] . With a total length of 10 236 715 base pairs (bps) ( Table 1 , GenBank accession number CP002000), the A. mediterranei genome is larger than that of S. coelicolor and S. erythraea, but smaller than that of the myxobacterium Sorangium cellulosum [15] , and is apparently one of the largest prokaryotic genomes sequenced so far. The outer scale is numbered in megabases and indicates the core (red), quasi-core (orange), and non-core (sky blue). Circles 1 and 2: (from the outside in), genes (forward and reverse strand, respectively) color-coded according to COG function categories. Circle 3: selected essential genes (cell division, replication, transcription, translation, and amino acid metabolism. The paralogs of essential genes in non-core are not included). Circle 4: secondary metabolic clusters-further enlarged outside the circle for detailed illustration. The colors of the key enzymes are the same as in circle 4, that is, light coral, nrps; lawn green, pks; purple, hybrid nrps and pks (n_p); plum, terpene (tps); tomato, lycopene (lyc); orange, β-carotene (car); except for the NRPS/PKS hybrid which is represented by the hybrid of light coral and lawn green (n_p); while light blue is for other function-related genes such as acp, clf, cyc, kr, and ks, that is, genes encoding acyl carrier protein, chain length factor, cyclase, β-ketoacyl reductase, and β-ketoacyl synthase, respectively. The rif cluster is further illustrated in Figure 4 . Circle 5: RNAs (blue, tRNA; red, rRNA). Circle 6, mobile genetic elements (brow, transposase; light green, phage; cyan, integrated plasmids; circle 7, GC content; circle 8, GC bias (red, values > 0; blue, values < 0). tps2  nrps2  pks1  n_p1  n_p2  n_p3  nrps3  pks2  n_p4  car  pks3  pks4  nrps4  nrps5  nrps6  nrps7  nrps8  pks5  nrps9  nrps10 Without any dissociated plasmids, two putative integrated plasmids with their genomic coordinates of 367 542-390 874 bp and 6 808 937-6 829 319 bp were recognized in the chromosome. Both of them were highly similar to pMEA100, which has been characterized in several species of Amycolatopsis [16] . The replication origin (oriC) of the chromosome is the same as that previously characterized [7] , and in this study the adjacent dnaA gene was chosen to be the starting point for numbering the 9 228 predicted protein-coding sequences (CDSs). We annotated 52 tRNA-encoding genes, with one selenocysteine tRNA (tRNA Sec ) located at the immediate downstream of selBA, transcribed in the same direction; but upstream of selD, transcribed in the opposite direction. In addition, we also found two genes (Supplementary information, Table S1 ) both coding for the formate dehydrogenase α subunit, equipped with a selenocysteine (Sec)-encoding UGA codon, a Sec insertion sequence (SECIS) element, and a stem-loop structure, required for the incorporation of Sec into proteins [17] . On the basis of on BLAST-CLUST analysis, nearly half of the predicted CDSs (4 607, 49.9%) are clustered into 1 004 families, with membership ranging from 2 to 128 per family (Supplementary information, Table S2 ).
Similar to the cases of S. erythraea and S. coelicolor, an ancestral core [10, 13] containing a majority of the essential genes ( Figure 1 ) is found to extend unequally from either side of the oriC (1.7 Mb on the left compared to 3 Mb on the right). Interestingly, within the non-core region, from the genomic coordinates of 6.6-7.5 Mb (AMED_5997 to AMED_6830), we recognized a genomic region that apparently contains more essential genes than the adjacent non-core regions (Figures 1 and 2A Table S1 ). In addition, the coding density of ortholog genes in this region is similar to the core, but distinct from that of the non-core ( Figure  2A) . Furthermore, the ortholog gene order of A. mediterranei genome analyzed against that of S. erythraea and N. farcinica by broken X graphics ( Figure 2B and 2C), as well as against that of other actinomycetes (Supplementary information, Figure S1 ), showed that this region is endowed with a good consensus similar to the core. Thus, a 'quasi-core' is designated for this special region.
The coding density of all CDSs is almost uniform across the chromosome except at the upstream (6.2-6.6 Mb) of the quasi-core, where it is significantly lower (77.9%) than the average (89.3%) and reaches its lowest level (66.7%) around 6.5 Mb (Figure 2A ). Several transcriptional regulators, a phage-related integrase, and many hypothetical but few functional genes are found in this region, indicating probable integration of a 100-kb exogenous phage nucleotide. Furthermore, genes encoding six transposase remnants and three integrases/ recombinases are unusually aggregated at the upstream of this phage-like region. This systematic variation in coding densities may imply a speed discrepancy in recombination [10] and thus we assume that the quasi-core was transferred from the core into an integration hotspot in the non-core through a transposable element-induced genomic rearrangement.
In contrast to most essential genes, genes of certain clusters of orthologous group (COG) are more focused in the non-core than in the core/quasi-core (Supplementary Table S3 ). It is particularly interesting to note that 9.73% of the genes in the non-core are involved in transcriptional regulation, whereas only 8.56% of the genes in the core/quasi-core fall into this category. Although 63 sigma factors are located in the core/quasicore, twofold higher than that in the non-core, the numbers for anti-sigma factor and anti-anti-sigma factors are surprisingly reversed, with only eight in the core/quasicore but 28 in the non-core. Considering the fact that similar distribution bias is also found in categories of signal transduction, lipid, carbohydrate, and secondary metabolisms ( Figure 1 , Supplementary information, Table S3), we postulate that the expansion of the non-core, which likely resulted mainly via adaptation to the highly competitive and complex soil environment [10] , might involve not only the genes encoding auxiliary metabolic functions but also their related regulators, as shown in this study.
The phylogenetic/taxonomic characteristics of Amycolatopsis
A. mediterranei was originally classified as Sreptomyces mediterranei in 1957 [18] . However, later in 1969, the suggestion was made that it should have been labeled Nocardia [19] because of its cell-wall composition of meso-diaminopimilic acid (meso-DAP) and arabinose with a lack of glycine (Supplementary information, Table   S4 ). Correspondingly, we noted that proteins known to be responsible for recruiting five glycine residues crossbridging the peptidoglycan lateral chains [20] have been recognized in the genome of S. coelicolor (SCO0602, SCO3593 and SCO3904), but neither in A. mediterranei nor in the closely related N. farcinica and S. erythraea. Furthermore, genes involved in incorporating arabinose into the cell wall, characterized in Mycobacterium [21] , can be found in the genomes of A. mediterranei, N. farcinica, and S. erythraea, but not in most of the Streptomyces species (Supplementary information, Table  S5 ). In addition, the MurE ligase, which ligates specific amino acids [22] to the lateral chain of peptidoglycan, was analyzed phylogenetically within actinomycetes (Supplementary information, Figure S2 ). The MurE of A. mediterranei, and of the closely related S. erythraea, was clustered within a big clade composed of the meso- npg DAP-containing actinomycetes, strongly supporting the taxonomic character of A. mediterranei, that is, that meso-DAP rather than LL-DAP is used as the substrate to synthesize its cell wall. However, by virtue of lacking mycolic acid, the most characteristic component of the cell wall in Mycobacterium and related genera, and by the inability to be infected with Nocardia-specific phages, a new genus, Amycolatopsis, was suggested in 1986 for this group of taxonomic species, including A. mediterranei [23] . The studies of mycolic acid biosynthesis in M. tuberculosis show that formation of this cell wall constituent is catalyzed by at least 28 proteins [24] . Critical to this process are polyketide synthase (PKS) 13 and related proteins, that is, the acyl-AMP ligase (FadD32) and the acyl-CoA carboxylase β chain (AccD4), all of which are involved in the formation of β-keto-α-alkyl mycolic acid precursors [25, 26] . By analysis of 43 mycolic acid-producing actinomycetes, we found that these three proteins were clustered in a similar gene order with the same transcription directions. In addition, all PKS13 proteins demonstrate a highly conserved domain organization, that is, acyl carrier protein (ACP)-ketosynthase (KS)-acyltransferase (AT)-ACP-thioestease (TE) ( Figure 3 ).
As expected, this highly conserved cluster is not found in the genomes of actinomycetes that do not produce mycolic acids, including A. mediterranei and the closely related S. erythraea (Figure 3 ). In U32, two similar clusters (pks1 and pks3) were identified. However, the PKS protein in the pks1 has two additional domains (dehydratase (DH)-ketoreductase (KR)) inserted between the AT and ACP domains. The accD4 is missing in the pks3 cluster, although the corresponding PKS protein does have the same domain structure as that of M. tuberculosis. Actually, with several putative transporters and regulators annotated in these two clusters, they are more likely to code for the biosynthesis of unknown secondary metabolites ( Figure 1 ). In addition, a bacterial type-I fatty acid synthase gene (fas-I) was found in all the mycolic acidproducing species, but absent in A. mediterranei and many of the mycolic acid-negative actinomycetes ( Figure  3 ).
In conclusion, the taxonomic characteristics of Amycolatopsis that relate it to but differentiate it from Streptomyces or Nocardia are intrinsically determined by their molecular phylogeny. The 16S rRNA-based phylogeny (Supplementary information, Figure S3 ) indicated that, S. erythraea was the closest species to A. mediterranei, Figure 4 Rifamycin gene cluster (A) and sequence variation of the rif16 (AMED_0653) encoded P450 in four A. mediterranei strains and its influence on rifamycin production (B). The upper right of panel B: alignment of the Rif16 sequences from ATCC13685, ATCC21789, S699, and U32. Predicted secondary structures are shown above. Red arrow indicates the mutated residues W84 in AMED_0653, while the black arrow indicates the S699-specific amino acid variation unrelated to the conversion of rifamycin SV to B, the amino acid residue coordinates marked underneath the alignment present the positions for AMED_0653 rather than Rif16 (Orf16 for S699, refer to Supplementary information, Table S10 ). The center of panel B: base peak chromatograms (BPC) of rifamycin production profiles of the rifamycin B-positive controls: ATCC13685 (green), ATCC21789 (skyblue); the rifamycin SV-positive control: U32 (orange); the transformants: U32 (pDXM4-P450) (red) and the experiment negative control: U32 (pDXM4) (blue). The left of panel B: MS spectra of the rifamycin B (from ATCC21789), SV, and S (from U32). The spectrum analysis experiment was repeated for five independent U32 (pDXM4-P450) transformants. Potential genes for secondary metabolism and antibiotic resistance Like the gene cluster for erythromycin synthesis (ery) in S. erythraea [13] , the rif cluster of the A. mediterranei chromosome is also localized in the core. Most of the rif genes are encoded on the leading strand of replication (Figure 1 ), implicating this cluster as an important component of the genome critical for host survival [27] .
The complete genome sequence of A. mediterranei U32 reveals at least 25 other gene clusters for biosynthesis of as-yet-uncharacterized polyketides, nonribosomal peptides, hybrid nonribosomal peptide-polyketides, and terpenoids. Only four of these clusters (rif, tps1, lyc, and nrps11) are located in the core, with one (nrps10) in the quasi-core and the other 21 scattered in the non-core (Figure 1 ). Besides the rif cluster, there are other four type-I and two type-II PKS clusters (Supplementary information, Table S6 ). In pks1 and pks3, the encoded acylCoA synthetases (AMED_3367 and AMED_4483) are expected to transfer an acyl starter unit to the first ACP domain of PKS1-1 and PKS3-1 proteins to synthesize their respective diketide products [28] . The pks4 cluster seems to encode the synthesis of an unknown polyunsaturated fatty acid [29] . PKS6-1 is highly homologous with the PKS proteins of Streptomyces globisporus [30] (52% identities) and A. orientalis [31] (79% identities), indicating that the pks6 cluster might be involved in the synthesis of an enediyne antitumor agent. The type-II pks5 cluster could be involved in the synthesis of a cyclic aromatic polyketide, because it contains both a minimal PKS unit (KS, CLF, and ACP) and two cyclases [32] . There is no type-III PKS found in the genome.
Of the 11 nonribosomal peptide synthetases (NRPSs) and 4 hybrid NRPS-PKS clusters annotated in the A. mediterranei U32 genome (Supplementary information, Table S7 ), nrps6 appears to be involved in siderophore production, as it contains genes encoding iron-siderophore recognition-and transport-related proteins. Other clusters seem to produce completely novel secondary metabolites.
The A. mediterranei U32 genome presents a nonmevalonate pathway for generating the key C-5 precursors in terpenoid biosynthesis. Of the related four gene clusters, tps1-encoded AMED_1325 shows high end-toend similarity to the S. coelicolor A3(2) SCO6073 (58% identities), essential for the synthesis of geosmin [33] . Therefore, it is probably responsible for the synthesis of this sesquiterpene soil odor. The lyc and car seem to govern the synthesis of the antioxidant pigments lycopene and β-carotene, respectively. Scattered elsewhere in the genome, there are 55 putative cytochrome P450 enzymes (Supplementary information, Table S1), which often modify special functional groups of secondary metabolites or detoxify xenobiotics.
The A. mediterranei U32 genome contains at least 86 antibiotic-resistant genes (Supplementary information, Table S1 ), of which resistance to 22 antibiotics of 6 categories was experimentally verified (Supplementary information, Table S8 ). Unlike the non-core-focused allocation of the secondary metabolism-related gene clusters, these antibiotic-resistant genes are evenly distributed along the chromosome, indicating their essential function in conferring the ability to adapt to different hostile environments [34] . As characterized in A. mediterranei S699, U32 probably employs the same two alternatives to cope with rifamycin cytotoxicity, that is, several mutations in RNA polymerase β-subunit (AMED_0656) to lower its affinity for rifamycins and a rifamycin exporter RifP (AMED_0633) to prevent the intracellular accumulation of rifamycins [1, 35] .
A putative P450 enzyme (AMED_0653) is essential for the conversion of rifamycin SV to B
The 3-amino-5-hydroxybenzoic acid (AHBA) is
npg known to be the starter unit, and two molecules of malonyl-CoA and eight molecules of (S)-methylmalonyl-CoA are extender units to form the initial macrocyclic intermediate proansamycin X [1] . Several tailoring reactions, such as hydroxylation, acetylation, and methylation, are required to form the highly potent rifamycin SV [1] . However, the last step, which converts rifamycin SV to the modestly active rifamycin B, is yet to be determined [36] . We identified 41 single-nucleotide variations (SNVs) and 8 insertion/deletions that might affect 13 CDSs and 2 intergenic regions within the rif cluster by comparing the sequences of U32 vs. S699 (Supplementary information, Table S9 ). These variations were further compared to the corresponding loci of the other two rifamycin B-producing strains, A. mediterranei ATCC21789 and ATCC13685. Integration of the information of sequence comparative analysis and gene function studies [1, 36] revealed only one candidate: an asynonymous SNV leading to a missense mutation in the corresponding residue 84 of the AMED_0653 (W84) encoding a putative cytochrome P450 protein. Transforming U32 with a cloned ATCC21789 rif16 (R84) gene (pDXM4-P450), indeed led U32 to produce a high ratio of rifamycin B, with little rifamycin SV detected (Figure 4) . However, without the selection pressure of apramycin in the medium, the pDXM4-P450 transformed U32 not only produced large amounts of rifamycin B but also significant amounts of rifamycin SV, likely because of the instability of the plasmid vector (Supplementary information, Figure S5 ). Although this function of rif16 in S699 was previously noticed via gene disruption, the mutant presented a mixture of rifamycin SV and B [36] , and no complementation tests were reported. In this study, the missense mutant cytochrome P450 (W84) encoded by AMED_0653 can clearly be complemented by the prototype rif16 (R84) for conversion of rifamycin SV to B. Thus, we have provided a piece of unequivocal evidence to support the essential function of this P450 (R84). However, whether the conversion is catalyzed by this putative P450 enzyme alone, or together with the transketolases AMED_0651 and AMED_0652 as previously proposed [37] , remains an open question for future analysis.
Primary metabolism and precursors for secondary metabolite biosynthesis
As a soil inhabitant, the nutritional environment of A. mediterranei is similar to most streptomycetes, that is, rich in carbon sources but poor in nitrogen supply [38] . The genomic information revealed that it could use a wide range of carbohydrates, including chitin, cellulose, xylan, and diverse oligo-/mono-saccharides ( Figure 5 ). These carbon sources or their hydrolysates could be transported into the cell via phosphotransferase systems, ATP-binding cassette transport systems, and major facilitator superfamily transporters (Supplementary information, Table S1 ). Distinct from S. erythraea, N. farcinica, and S. coelicolor, U32 has a gene cluster encoding the l-arabinose isomerase, l-ribulose-5-phosphate 4-epimerase, and l-ribulokinase (AMED_4402-AMED_4404) and thus, arabinose could be converted to xylulose-5P and then enter the pentose phosphate shunt. In addition to sugars, short chain fatty acids, such as acetate and propionate, can also be consumed through the catalysis of at least four acetyl-CoA synthetases and one propionylCoA synthetase (Supplementary information, Table S1 ) to form acetyl-CoA and propionyl-CoA, respectively. Possibly, there exists an alternative pathway in U32 for the conversion of acetate to acetyl-CoA through acetaldehyde catalyzed by aldehyde dehydrogenase and acetaldehyde dehydrogenase (Supplementary information, Table S1 ). However, different from S. coelicolor and M. tuberculosis, if the concentration of acetate is high, A. mediterranei U32 may not be able to activate acetate through acetyl phosphate because of the lack of phosphate acetyltransferase (Pta).
In addition to producing energy and reducing force, primary metabolism provides not only intermediates essential for the synthesis of cell constituents but also precursors widely used in secondary metabolism. There are at least four sets of genes encoding the acetyl-CoA and propionyl-CoA carboxylase complexes (Supplementary information, Table S1 ), which are used to provide malonyl-CoA and (S)-methylmalonyl-CoA for the synthesis of fatty acids and polyketides, particularly rifamycin [1, 39] . An alternative pathway to generate (S)-methylmalonylCoA is catalyzed by methylmalonyl-CoA mutases (Supplementary information, Table S1 ), converting succinylCoA to (R)-methylmalonyl-CoA and then to (S)-isomers by methylmalonyl-CoA epimerase [40] . In addition, a predicted phosphoglucomutase (AMED_0906) might be involved in the conversion of glucose-6-phospate to glucose-1-phospate, followed by the subsequent synthesis of UDP-glucose, an important precursor of AHBA [41] .
The only nitrogen atom in the AHBA moiety of rifamycin was acquired from glutamine [41] , and the yield of rifamycin SV was remarkably increased by as much as 171% after the addition of nitrate into the fermentation medium [4] , known as the 'nitrate stimulating effect'. In U32, nitrate is firstly reduced to nitrite and then to ammonium catalyzed by the enzymes encoded by the recently characterized nasACKBDEF operon (AMED_1121-AMED_1127; Shao Z, submitted manuscript under revision). Following the sequential reactions catalyzed by glutamine synthetase (GS) and glutamate synthase, ammonium is eventually incorporated into amino acids [4] (Supplementary information, Figure S5 ). There are a total of six genes encoding putative type-I GSs, including the characterized glnA (AMED_1229) [42, 43] and five glnA-like genes homologous to the functionally disproved three glnA-like genes in S. coelicolor [44] , but no putative type-II GS-encoding genes were found (Supplementary information, Table S10 ). Although the gene encoding GS adenylyltransferase (glnE, AMED_1227) was identified in the chromosome of U32, as is commonly found in streptomycetes [45] and other actinomycetes [46] , the mechanism of lacking reversible adenylylation-mediated posttranslational regulation of the GS activity in strain U32 [47] is yet to be revealed.
The glutamate dehydrogenase (GDH) activities were less than 1% of that of alanine dehydrogenase (AlaDH) [4] . Therefore, AlaDH, encoded mainly by ald (AMED_7939), is responsible for catalyzing the amination of pyruvate to yield l-alanine. Given the absence of putative genes encoding l-alanine transaminase in U32, an alternative pathway is suggested, that is, the α-amino group of l-alanine may be first transferred to 2-oxoisovalerate to form l-valine catalyzed by the valine-pyruvate transaminase (AvtA, AMED_9357) and then to form l-glutamate catalyzed by the branch-chain amino acid aminotransferases (IlvE, AMED_2179 and AMED_4755) ( Figure 5 ). Considering the highly biased distribution of COG genes related to transcription regulation between noncore and core/quasi-core, A. mediterranei has likely developed a complex regulatory network to coordinate the expression of genes involved in primary and secondary metabolisms. In total, 1 268 genes (13.7%) are predicted to have potential regulatory functions (Supplementary information, Table S1 ), including two-component systems (TCSs, 89 paired and 43 unpaired), transcriptional regulators (889), sigma/anti-sigma factors (80 out of 94 sigma factors are ECF type), and serine/threonine/tyrosine protein kinases (28) . Both the absolute number and the percentage of TCSs and sigma factors identified in U32 are the highest among the five compared actinomycetes (Supplementary information, Table S2 ).
As a global regulator for inorganic nitrogen assimilation was identified in S. coelicolor [48] , GlnR (AMED_9008) is proposed to coordinate the nitrogen assimilation in U32 as well [49] (Figure 5 ). Under nitrogen limitation conditions, GlnR represses the expression of ald in U32 (Wang J, unpublished data), in the same way that S. coelicolor suppresses the expression of gdhA [48] but activates the expression of both the nas operon (Wang Y, unpublished data) and the glnA gene [49] . Further research will be focused on defining and characterizing the A. mediterranei-specific cis-element(s) responsible for GlnR-mediated regulation in expected nitrogen metabolism-related targets, and exploring the GlnR regulon via whole genome target analysis, aiming at a thorough understanding of the mechanism of the 'nitrate stimulating effect'.
Discussion
Completion of sequencing and annotation of the A. mediterranei U32 genome is the sum of several decades' endeavor in research on rifamycin production. The systematic analysis of the first genome sequence of the genus Amycolatopsis has endorsed a genetic basis for the phylogeny/taxonomy relationship between Streptomyces and other 'rare' genera among the Actinomycetales order. It also provides us with complete genetic information regarding the biosynthesis of rifamycin. Although strain U32 has been cultivated under laboratory conditions for decades and is well adapted to experimental manipulations, its slow growth and low transformation efficiency make genetic studies of this strain extremely difficult. Therefore, the progress made by this study will certainly open up a new era for research. The characteristic physiology of A. mediterranei can now be analyzed on the basis of a systematic comparison among the genomes of related organisms. At the same time, the previously proposed regulation models can be vigorously tested within the scope of functional genomics. These efforts will definitely facilitate the improvement of rifamycin production, as well as the functional mining of other secondary metabolites for their potential applications.
Materials and Methods
Genome sequencing and assembly
A. mediterranei strain U32 was deposited in the Institute of Microbiology, Chinese Academy of Sciences designated as CGMCC 4.5720. The bacteria used for genome sequencing were isolated from a colony-purified stock of CGMCC 4.5720, and the genomic DNA was extracted directly from the expanded culture. The nucleotide sequence was determined by 454 GS FLX sequencer [50] , which resulted in 801 151 reads and provided 17.2-fold coverage. Plasmid library of 6-8 kb (pSmart), fosmid library of 35-45 kb (pCC2FOS), and 110-fold coverage solid pair-end sequencing (2 × 25 bp, Applied Biosystems) were prepared to provide contig relationship. Gaps were closed by PCR products using specially designed PCR primers. Sequence assembly was performed using phred/phrap/consed package [51, 52] . The final assembly contained 808 108 sequence reads, including 801 151 reads from 454 GS FLX, 2 532 from 6-8 kb insert clone ends, 2 698 from fosmid ends, 765 from the fosmid clone shotgun, and 962 from specific PCR products and primer walking. Solid reads were also used to revise the homopolymer error in 454 raw data and the low-quality (phrap score <40) bases in assembled sequence. Totally, 105 indels and 65 SNVs that formerly existed in 454 FLX results were curated by Solid data. Together with these, an estimated error rate of < 0.5 per 100 000 bases was endued to the consensus sequence. The final assembly was confirmed in terms of restriction fragment patterns from pulse-field gel electrophoresis.
Genome annotation and analysis
Putative protein-coding sequences were predicted by glimmer 3.02 [53] , Genemark [54] , and Z-Curve [55] softwares. CDS annotation was based on the BLASTP with KEGG, NR, and CDD databases. tRNA genes were directly predicted with tRNAscan-SE v1.23 [56] . Orthologous proteins between U32 and other related species were defined by reciprocal BLASTP under the condition of a minimum of 30% identity and 20% length diversity. Clustering of protein families was done by BLASTCLUST under the conditions of a minimum of 30% identity and 70% length coverage. Phylogenic trees based on 16S rRNA and MurE sequences were constructed using NJ method of the MEGA package [57] , and the reliability of each branch was tested by 1 000 bootstrap replications. Antibiotic resistance genes were search against ARDB database [58] using the default parameters. Genome-wide colinearity analysis between A. mediterranei and other actinomycetes was performed similar to that used in Schneiker et al. [15] .
Construction of U32 (pDXM4-P450)
Using the designed primers of P450-F, 5′-CGG ATA TCG TGT CGG TGC CGT AGA T-3′ and P450-R, 5′-CGG ATA TCA CAC GTG ATG CCT CTC TGA T-3′, the AMED_0653 gene (or orf16 of the rif cluster designated in S699 and rif16 designated in the text) encoding a prototype cytochrome P450 (R84) with its own promoter region from A. mediterranei ATCC21789 was PCR amplified and cloned into the multicopy plasmid pULVK2A derivative pDXM4 [8] . After the cloned DNA was verified by sequencing, the recombinant plasmid pDXM4-P450 and the vector plasmid pDXM4 as a control were introduced into U32 by electroporation, as described [8] .
